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Abstract 
Two strategies for enhancing photovoltaic (PV) performance in chalcopyrite solar cells 
were investigated: Cu1-xKxIn1-yGaySe2 absorbers with low K content (K/(K+Cu), or x ~ 
0.07) distributed throughout the bulk, and CuIn1-yGaySe2 absorbers with KIn1-yGaySe2 
grown on their surfaces. For the Ga-free case, increased temperature improved PV 
performance in the KInSe2 surface absorbers, but not in the bulk x ~ 0.07 absorbers. 
Growth temperature also increased KInSe2 phase fraction, relative to Cu1-xKxInSe2 
alloys—evidence that surface KInSe2 improved performance more than bulk KInSe2. 
Surface KIn1-yGaySe2 and bulk x ~ 0.07 Cu1-xKxIn1-yGaySe2 films with Ga/(Ga+In), or y 
of 0.3 and 0.5 also had improved efficiency, open-circuit voltage (VOC), and fill factor 
(FF), relative to CuIn1-yGaySe2 baselines. On the other hand, y ~ 1 absorbers did not 
benefit from K introduction. Similar to Cu1-xKxInSe2, the formation of Cu1-xKxGaSe2 
alloys was favored at low temperatures and high substrate Na content, relative to the 
formation of mixed-phase CuGaSe2 + KGaSe2. KIn1-yGaySe2 alloys were grown for the 
first time, as evidenced by X-ray diffraction and ultraviolet/visible spectroscopy. For all 
Ga/(Ga+In) compositions, the surface KIn1-yGaySe2 absorbers had superior PV 
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performance in buffered and buffer-free devices. However, the bulk x ~ 0.07 absorbers 
only outperformed the baselines in buffered devices. The data demonstrate that KIn1-
yGaySe2 passivates the surface of CuIn1-yGaySe2 to increase efficiency, VOC, and FF, 
while bulk Cu1-xKxIn1-yGaySe2 absorbers with x ~ 0.07 enhance efficiency, VOC, and FF 
by some other mechanism. 
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Highlights 
 Cu1-xKxIn1-yGaySe2 alloys formed at low temperature and high substrate surface 
Na 
 KIn1-yGaySe2 was grown for the first time 
 Bulk Cu1-xKxIn1-yGaySe2 with x ~ 0.07 had improved performance at y ~ 0, 0.3 
and 0.5 
 Surface KIn1-yGaySe2 improved performance, but bulk KIn1-yGaySe2 did not 
 Bulk x ~ 0.07 and surface KIn1-yGaySe2 improved performance by different 
mechanisms 
 
1. Introduction 
Recent reports have detailed photovoltaic (PV) power conversion efficiency 
enhancements when potassium fluoride and selenium were co-evaporated onto 
Cu(In,Ga)(Se,S)2 (CIGS) absorbers at around 350°C (KF post-deposition treatment 
(PDT)) [1-21]. RbF has also been used [3, 17, 18]. Specifically, 6 of the last 8 world 
record CIGS efficiencies have employed a KF (or RbF) PDT [1, 3, 4, 12, 17, 22], 
advancing the record efficiency from 20.3 to 22.6% in just ~3.5 yr. KF PDT successes in 
the laboratory have now been extended to commercially-relevant chalcogenized CIGS 
absorbers [12], full size (0.75 m2) modules [13], and Cd-free Zn(O,S) buffers [2, 12, 23]. 
Although the mechanisms responsible for these efficiency improvements are not clear, 
the KF PDT has been associated with multiple phenomena: increased hole concentration 
(e.g., by consuming InCu compensating donors to produce KCu neutral defects [24]) [5, 7, 
8, 11, 14, 15, 19, 25-28], decreased hole concentration (by consuming NaCu to produce 
InCu compensating donors [1], or by forming (K-K)Cu dumbbell interstitial donors [29, 
30]) [1, 8, 10, 16, 31], Na depletion or formation of soluble Na chemical(s) [1, 5, 7, 8, 10, 
13, 14, 26, 27, 32, 33], Ga depletion at the surface [1, 8, 10, 13-15, 21, 32, 34, 35], Cu 
depletion at the surface [7, 13, 15, 18, 20, 21] resulting in better near-surface inversion 
[1, 8, 10, 16, 36] or decreased valence band energy [14, 16, 21, 25, 34, 35, 37], grain 
boundary passivation [5, 12, 20, 31, 38], general defect passivation [2, 12, 27, 31], 
minority carrier lifetime enhancement [9, 15, 19], decreased minority carrier diffusion 
length [19], more Cd diffusion into the absorber (or a less abrupt interface) [1, 2, 8-10, 
14, 25, 36, 39], a more abrupt absorber/buffer interface [16], morphology changes 
resulting in increased CdS nucleation sites [2, 10, 40], general changes in CdS growth 
[14, 34, 36, 41], formation of a passivating K-In-Ga-Se [10, 42], K-In-Se [14, 18, 34, 35, 
41, 43], or In-Se [14, 18, 35, 41, 43] interfacial compound, formation of a current 
blocking interfacial compound [26], formation of elemental Se at the surface [14, 41, 43], 
formation of surface Cu2-xSe [14], GaF3 [14], Ga-F [21], or In-F [21], increased 
formation of surface In-O and/or Ga-O after air exposure [14, 20, 25, 34, 37], 
consumption of a surface 'ordered vacancy compound' [14], decreased trap concentration 
[19, 32], reduced microscopic fluctuations in surface resistivity and potential [16, 31], 
and reduced nanoscopic fluctuations in potential [19]. Substrate surfaces with higher K 
content also led to CIGS with increased carrier concentrations [6, 24, 44], modified Cu-
Ga-In interdiffusion [6, 44], as well as a K-rich and Cu-poor surface [45]. Similarly, an 
RbF PDT was associated with general defect passivation [3], and a CsF PDT caused Na 
and K depletion [17]. Another group co-evaporated KF, In, and Se onto CIGS, possibly 
forming KInSe2 or K-doped amorphous In2Se3, with similar results to a KF PDT [41, 43]. 
A PDT without KF (just Se) has also been shown to significantly alter CIGS absorbers 
[46, 47], although most KF PDT results have not been compared to a Se PDT control 
sample. High absorber Na and K composition has also been linked to drastically 
accelerated degradation in PV performance [48], underscoring the importance of 
understanding alkali metal bonding in CIGS. 
 The ~29 phenomena associated with KF PDTs have obscured the underlying 
beneficial mechanisms, although it has been established that a relatively large amount of 
K is present at the p-n junction in the most efficient solar cells [1]. That observation 
motivated the study of K bonds in chalcopyrite-based material: Cu1-xKxInSe2 alloys [49, 
50], control of K bonds in Cu-K-In-Se material using substrate Na [33] and temperature 
[51], PV performance effects of K at the surface and bulk in Cu1-xKxInSe2 [52], and PV 
performance [27] and surface spectroscopy [21] of bulk Cu1-xKxIn1-yGaySe2 absorbers 
with K/(K+Cu), or x ~ 0.07 and Ga/(Ga+In), or y ~ 0.3. These studies on K bonding in 
chalcopyrites are presently extended to Ga alloys with y of 0 to 1, and connected with 
surface and bulk mechanisms for PV performance enhancement in Cu1-xKxIn1-yGaySe2. 
 
2. Methods 
Most research on chalcopyrites utilizes three stage co-evaporation [1] or 
chalcogenization of metal precursors [12], but these two processes were presently 
avoided so that observations could not be attributed to altered cation profiles (K can 
affect cation diffusion [6, 44]). Co-evaporation of Cu, KF, In, Ga, and Se was performed 
on soda-lime glass (SLG) or SLG/Mo substrates at 400 – 600ºC. Films were 1 – 3 μm 
thick and had (Cu+K)/(In+Ga) of 0.85 and Se/(Cu+K+In+Ga) of 7 – 12, as measured by 
in situ electron impact emission spectroscopy, quartz crystal microbalance, and ex situ X-
ray fluorescence (XRF). XRF was less certain due to K/In peak overlap [49], so in situ 
compositions were used in the present work unless noted. As previously discussed [49], 
phase-pure KInSe2 was grown at a higher K/In of 2.12. Samples with more linear Tauc 
plot data were assumed to be more phase-pure, and so KIn1-yGaySe2 with K/(Ga+In) of 
1.96 and KGaSe2 with K/Ga of 0.95 were compared in the present work. The slowest 
possible KF evaporation rates were used to improve control [49]. For KIn1-yGaySe2 
surface samples, the KF rate was ramped up and the Cu rate was ramped down over ~2 
min near the end of the growth, followed by constant rate evaporation for ~2 min. 
Profilometry on the final film was used to infer individual layer thicknesses from in situ 
molar flux data, assuming constant density. The KIn1-yGaySe2 surface process optimized 
for Ga/(Ga+In), or y of 0 [52] was used at all other Ga/(Ga+In) compositions (132 nm 
intermediate layer and a 75 nm surface layer with K/(K+Cu), or x ~ 0.41). Control 
samples with Cu-poor surfaces were prepared by using that same cation profile with no 
KF added. For comparison, the bulk x ~ 0.07 and KIn1-yGaySe2 surface absorbers had 1.5 
and 0.4 at.-% K by in situ measurement, respectively. Some absorbers were annealed 
with Se over-pressure after growth and without breaking vacuum. X-ray diffraction 
(XRD), XRF, secondary ion mass spectrometry (SIMS), and UV/visible spectroscopy 
were performed using previously described conditions [49, 51]. Unlike typical KF PDT 
procedures [1, 5-10, 14-16, 19, 25, 27, 34, 35, 37], absorbers were not rinsed before 
chemical bath deposition (CBD). Solar cells were fabricated with 50 nm CdS, 100 nm i-
ZnO, 120 nm Al:ZnO, 50 nm Ni, and 3 µm Al, as previously detailed [53]. JV and QE 
were performed under formerly reported conditions [54]. 
 
3. Results 
3.1. Solar cells 
 During co-evaporation of Cu-K-In-Se, substrate temperature was shown to 
determine the extent of Cu1-xKxInSe2 alloy formation, relative to CuInSe2 + KInSe2 
mixed-phases [51]. Solar cells made from bulk x ~ 0.07 CKIS alloy absorbers had 
excellent PV performance [52]. Additionally, CuInSe2/KInSe2 (KInSe2 surface) absorbers 
were highly efficient [52]. In this study, growth temperature was varied during baseline, 
bulk x ~ 0.07 Cu1-xKxInSe2 alloy, and KInSe2 surface absorber growth processes. 
Absorbers were either grown at 400°C, grown at 400°C and immediately annealed to 
600°C for 10 min, grown at 500°C, or grown at 600°C (Fig. 1). The baseline 500°C 
CuInSe2 absorbers had higher JSC and lower FF, relative to 600°C, that was previously 
attributed to enhanced nucleation of CdS during CBD [52]. Relative to baseline changes 
from 500 to 600°C, the KInSe2 surface had reproducibly greater efficiency, VOC, and FF. 
On the other hand, the bulk x ~ 0.07 Cu1-xKxInSe2 had lower efficiency, VOC, JSC, and FF 
on moving from 500 to 600°C (relative to the baseline), although the small number of 
samples made this conclusion less certain. 
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Fig. 1. Baseline (black), bulk x ~ 0.07 (blue), and KInSe2 surface (green) efficiency (a), 
open-circuit voltage (b), short-circuit current density (c), and fill factor (d) at Ga/(Ga+In), 
or y of 0 and grown at 400°C, grown at 400°C and annealed to 600°C, grown at 500°C, 
and grown at 600°C. Boxes are quartiles, crosses are 1st and 99th percentiles, squares are 
means, dashes are minima and maxima, and sample sizes (Ndevices) are below the plots. 
 
 Next, the bulk x ~ 0.07 Cu1-xKxInSe2 and KInSe2 surface growth techniques were 
extended to Cu1-xKxIn1-yGaySe2 alloys with Ga/(Ga+In), or y of 0.3, 0.5 and 1. Additional 
Cu-poor surface control absorbers were studied—they had the same cation profiles as the 
KIn1-yGaySe2 surface absorbers, except no KF was added. For Ga/(Ga+In) ~ 0.3, the bulk 
x ~ 0.07 absorbers had substantially greater efficiency, VOC, JSC, and FF, relative to the 
KIn1-yGaySe2 surfaces (Fig. 2). However, a low number of bulk x ~ 0.07 devices were 
studied in Fig. 2, so this finding should be verified in future work. 
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Fig. 2. Baseline (black), Cu-poor surface (red), bulk x ~ 0.07 (blue), and KIn1-yGaySe2 
surface (green) efficiency (a), open-circuit voltage (b), short-circuit current density (c), 
and fill factor (d) at Ga/(Ga+In), or y of 0.3 and grown at 525°C. Boxes are quartiles, 
crosses are 1st and 99th percentiles, squares are means, dashes are minima and maxima, 
and sample sizes (Ndevices) are below the plots. 
  At higher Ga/(Ga+In) of 0.5, the efficiency increased from baseline, to Cu-poor 
surface, to bulk x ~ 0.07, and to KIn1-yGaySe2 surface absorbers (Fig. 3). The KIn1-
yGaySe2 surface had remarkably higher VOC and slightly higher FF than bulk x ~ 0.07. 
The bulk x ~ 0.07 had greater JSC than the KIn1-yGaySe2 surface, and this was due to 
increased long wavelength collection by QE (not shown). For Ga/(Ga+In) of 1, PV 
performance was poor, and there were no trends among the different absorber processes 
(Fig. 4). 
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Fig. 3. Baseline (black), Cu-poor surface (red), bulk x ~ 0.07 (blue), and KIn1-yGaySe2 
surface (green) efficiency (a), open-circuit voltage (b), short-circuit current density (c), 
and fill factor (d) at Ga/(Ga+In), or y of 0.5 and grown at 550°C. Boxes are quartiles, 
crosses are 1st and 99th percentiles, squares are means, dashes are minima and maxima, 
and sample sizes (Ndevices) are below the plots. 
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Fig. 4. Baseline (black), Cu-poor surface (red), bulk x ~ 0.07 (blue), and KIn1-yGaySe2 
surface (green) efficiency (a), open-circuit voltage (b), short-circuit current density (c), 
and fill factor (d) at Ga/(Ga+In), or y of 1 and grown at 600°C. Boxes are quartiles, 
crosses are 1st and 99th percentiles, squares are means, dashes are minima and maxima, 
and sample sizes (Ndevices) are below the plots. 
 
 The PV performance of ‘buffer-free’ (Cu1-xKxIn1-yGaySe2/i-ZnO/Al:ZnO) devices 
was measured for each absorber growth technique and each Ga/(Ga+In) composition 
(Fig. 5). Despite the different growth temperatures used to construct Fig. 5, as well as the 
relatively poor performance, a clear trend emerged: KIn1-yGaySe2 surfaces had greater 
efficiency, VOC, and FF, relative to the baselines. On the other hand, bulk x ~ 0.07 
absorbers had similar or worse efficiency, VOC, and FF, relative to the baselines. These 
trends held for all Ga/(Ga+In) compositions. 
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Fig. 5. Buffer-free champion (empty symbols) and average (filled symbols) efficiency 
(a), open-circuit voltage (b), short circuit current density (c), and fill factor (d) for 
baseline (black squares), Cu-poor surface (red diamonds), bulk x ~ 0.07 (blue circles), 
and KIn1-yGaySe2 surface (green triangles) absorbers as a function of Ga/(Ga+In), or y 
composition by XRF. Growth temperatures are varied, error bars are standard deviations, 
and the number of devices was 59, 27, 25, and 27 for Ga/(Ga+In) of 0, 0.3, 0.5, and 1, 
respectively. 
 
3.2. Phase growth 
 Cu1-xKxInSe2 alloy formation was previously shown to drive Na diffusion out 
from the substrate [27, 33]. This was also observed for Ga/(Ga+In) of 0.3, 0.5 and 1 in 
the present study (SIMS in Fig. 6, 7 and 8). As expected, the bulk x ~ 0.07 films had 
increased K throughout, while the KIn1-yGaySe2 surfaces had increased K near the surface 
for all Ga/(Ga+In) compositions. The Cu/(Ga+In) profiles were similar for the baseline, 
Cu-poor surface, and bulk x ~ 0.07 absorbers, so the Cu-poor surface process may not 
have actually confined Cu-poor material to the surface (Fig. 9, 10 and 11). As expected 
from the cation flux profiles, the KIn1-yGaySe2 surfaces had reduced Cu/(Ga+In) 
compositions near the surface, relative to all other films. However, the KIn1-yGaySe2 
surfaces also exhibited reduced Ga/(Ga+In) compositions near the surface (Fig. 9 and 
10). There are multiple explanations for this observation: unintentional Ga/(Ga+In) flux 
alteration at the end of absorber growth, greater chemical affinity of K-Se and In-Se 
(relative to K-Se and Ga-Se), faster kinetics of K-Se and In-Se incorporation (relative to 
K-Se and Ga-Se), or different In and Ga SIMS sputtering yields for KIn1-yGaySe2 
(relative to CuIn1-yGaySe2). More study will be needed to affirm or refute each 
possibility. 
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Fig. 6. SIMS Na (a) and K (b) profiles for baseline (black squares), Cu-poor surface (red 
diamonds), bulk x ~ 0.07 (blue circles), and KIn1-yGaySe2 surface (green triangles) 
absorbers with Ga/(Ga+In), or y of 0.3 (grown at 525°C). A depth of 0 is the absorbers’ 
free surface; data is scaled so all films are equally thick. 
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Fig. 7. SIMS Na (a) and K (b) profiles for baseline (black squares), Cu-poor surface (red 
diamonds), bulk x ~ 0.07 (blue circles), and KIn1-yGaySe2 surface (green triangles) 
absorbers with Ga/(Ga+In), or y of 0.5 (grown at 550°C). A depth of 0 is the absorbers’ 
free surface; data is scaled so all films are equally thick. 
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Fig. 8. SIMS Na (a) and K (b) profiles for baseline (black squares), Cu-poor surface (red 
diamonds), bulk x ~ 0.07 (blue circles), and KGaSe2 surface (green triangles) absorbers 
with Ga/(Ga+In), or y of 1 (grown at 600°C). A depth of 0 is the absorbers’ free surface; 
data is scaled so all films are equally thick. 
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Fig. 9. SIMS Cu/(Ga+In) (a) and Ga/(Ga+In) (b) profiles for baseline (black), Cu-poor 
surface (red), bulk x ~ 0.07 (blue), and KIn1-yGaySe2 surface (green) absorbers with 
Ga/(Ga+In), or y of 0.3 (grown at 525°C). A depth of 0 is the absorbers’ free surface; 
data is scaled so all films are equally thick; CuCs+, GaCs+ and InCs+ were used. 
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Fig. 10. SIMS Cu/(Ga+In) (a) and Ga/(Ga+In) (b) profiles for baseline (black), Cu-poor 
surface (red), bulk x ~ 0.07 (blue), and KIn1-yGaySe2 surface (green) absorbers with 
Ga/(Ga+In), or y of 0.5 (grown at 550°C). A depth of 0 is the absorbers’ free surface; 
data is scaled so all films are equally thick; CuCs+, GaCs+ and InCs+ were used. 
0.0 0.2 0.4 0.6
0.2
0.4
0.6
0.8
Ga/(Ga+In), or y ~ 1
 
 
 Base
 Cu-poor surf.
 x ~ 0.07
 KGaSe
2
 surf.
S
IM
S
 C
u
/(
G
a
+
In
)
Depth (m)
 
Fig. 11. SIMS Cu/(Ga+In) profiles for baseline (black), Cu-poor surface (red), bulk x ~ 
0.07 (blue), and KGaSe2 surface (green) absorbers with Ga/(Ga+In), or y of 1 (grown at 
600°C). A depth of 0 is the absorbers’ free surface; data is scaled so all films are equally 
thick; CuCs+ and GaCs+ were used. 
 
 The extent to which Cu1-xKxGaSe2 alloys formed was examined by growing on 
SLG and SLG/Mo substrates at 400°C and 500°C. XRD scans are shown for x of 0 and 
0.5 in Fig. 12 for the high Na substrate (SLG) at low growth temperature (400°C). The x 
~ 0 sample had a peak near 26.2° 2θ that was tentatively labeled Cu2Se, which can form 
at reduced growth temperatures even for Cu-poor compositions (Cu/Ga < 1) [55, 56]. The 
peak could also relate to stacking faults (similar to CuInSe2 [57]), and more study will be 
needed to support either origin. The x ~ 0.5 film had chalcopyrite peaks shifted to smaller 
d-spacing, as well as small KGaSe2 peaks [58]. These peak shifts were not observed on 
Mo substrates or at higher growth temperature—taken as evidence that Cu1-xKxGaSe2 
alloy formation is favored at low temperature and high Na substrates, similar to Cu1-
xKxInSe2 alloy formation [33, 51]. UV/visible spectroscopy revealed a shifted absorption 
onset from x ~ 0 to 0.5 (Fig. 13). The extrapolated band gap was shifted by 0.18 eV 
(Table 1), and taken as further evidence of Cu1-xKxGaSe2 alloy formation. Previous 
experimental and theoretical studies found some evidence of Cu1-xNaxIn1-yGaySe2 
compounds [59-64], and future work comparing Na and K alloys could be mutually 
informative. 
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Fig. 12. XRD scans of Cu1-xKxGaSe2 (Ga/(Ga+In), or y of 1) films with K/(K+Cu), or x 
of 0 (top; black) and 0.50 (bottom; blue) grown at 400°C on SLG. CuGaSe2, Cu1-
xKxGaSe2, KGaSe2, and Cu2Se peaks are labeled with red diamonds, orange circles, 
purple triangles, and green squares, respectively. 
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Fig. 13. Tauc plot (the product of absorption coefficient and photon energy squared, 
(αhν)2, versus photon energy, hν) for Cu1-xKxGaSe2 (Ga/(Ga+In), or y of 1) films with 
K/(K+Cu), or x of 0 (black squares) and 0.50 (blue circles). Red lines are least squares 
fits to the data. 
 
Table 1. Band gaps of Cu1-xKxIn1-yGaySe2 compounds with varied compositions. Detailed 
Cu1-xKxInSe2 band gaps were previously published [49]. 
Compound K/(K+Cu), or x Ga/(Ga+In), or y Band gap (eV) Reference 
CuGaSe2 0 1 
1.62(1) This work 
1.648(2) [65] 
Cu0.50K0.50GaSe2 0.50 1 1.80(5) This work 
Cu0.33K0.67GaSe2 0.67 1 1.72 [66] 
KGaSe2 1 1 
3.22(1) This work 
2.60(2) [67] 
KIn0.43Ga0.57Se2 1 0.57 2.77(1) This work 
KInSe2 1 0 
2.71(1) [49] 
2.68 [68] 
 
 
 The published structures of KInSe2 [69] and KGaSe2 [58] were in good agreement 
with their XRD patterns in Fig. 14. A film with Ga/(Ga+In) of 0.57 was also grown, and 
its XRD peaks were between those of KInSe2 and KGaSe2—evidence of KIn1-yGaySe2 
alloy formation in Fig. 14. The KIn1-yGaySe2 film also had a band gap of 2.77 eV, which 
fell between that of KInSe2 and KGaSe2, and was taken as further evidence of alloying 
(Fig. 15 and Table 1). The band gap of KGaSe2 was 3.22 eV (Fig. 15 and Table 1), 
substantially greater than the value reported for bulk crystals (2.60 eV [67]). It is 
speculated that this difference could relate to a compositional homogeneity range in 
KGaSe2, or some impurity phase (K5GaSe4 and K3GaSe3 have been reported [70, 71]). 
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Fig. 14. XRD scans of KIn1-yGaySe2 (K/(K+Cu), or x of 1) films with Ga/(Ga+In), or y of 
0 (top; black), 0.57 (middle; green), and 1 (bottom; blue) grown at 500°C grown on Mo 
or SLG. Mo, K2Se, KInSe2, KIn1-yGaySe2, and KGaSe2 peaks are labeled with ‘Mo,’ red 
plusses, green down triangles, blue circles, and purple up triangles, respectively. 
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Fig. 15. Tauc plot (the product of absorption coefficient and photon energy squared, 
(αhν)2, versus photon energy, hν) for KIn1-yGaySe2 (K/(K+Cu), or x of 1) films with 
Ga/(Ga+In), or y of 0 (red left-pointing triangles), 0.57 (green circles), and 1 (blue right-
pointing triangles). Black lines are least squares fits to the data. 
 
4. Discussion 
 Growth temperature was found to determine Cu1-xKxInSe2 alloy formation, 
relative to CuInSe2 + KInSe2 formation [51]. The KInSe2 surface had higher efficiency, 
VOC, and FF at 600°C, relative to 500°C. Therefore, differences in KInSe2 surface phase 
fraction significantly altered PV performance. Increasing substrate temperature for bulk x 
~ 0.07, and hence bulk KInSe2 phase fraction, appeared to detriment performance. This 
affirmed that a greater phase fraction of KInSe2 could be tolerated at the surface (relative 
to the bulk) in efficient devices, as previously shown [52]. It may also be evidence that K 
can improve performance by different mechanisms at the surface and bulk [52]. 
 In this work, substrate surface Na content and temperature were found to 
determine Cu1-xKxGaSe2 alloy formation, relative to CuGaSe2 + KGaSe2 mixed-phases 
(Fig. 12 and 13). The enhanced performance of bulk x ~ 0.07, relative to KIn1-yGaySe2 
surfaces at Ga/(Ga+In) of 0.3 and 525°C could have been affected by the Ga/(Ga+In) 
composition, or by the relatively low growth temperature. Likewise, the KIn1-yGaySe2 
surface performed better than the bulk x ~ 0.07 at Ga/(Ga+In) of 0.5 and 550°C, which 
could have been affected by Ga/(Ga+In), or those growths’ increased temperatures. The 
temperature and Ga/(Ga+In) effects should be isolated in future experiments. 
 Further evidence that surface and bulk K can improve PV performance by 
different mechanisms was found in the buffer-free results. The KIn1-yGaySe2 surface 
absorbers had enhanced performance in buffered and buffer-free devices, while the bulk 
x ~ 0.07 absorbers only had enhanced performance in buffered devices. This was 
evidence that KIn1-yGaySe2 reduced recombination at the absorber/ZnO interface—
possibly by protecting the underlying absorber from oxidation or sputtering damage, or 
by passivating the absorber. Previous work associated KInSe2 surfaces with increased 
minority carrier lifetimes and inversion near the surface [52]. Together, these data 
suggest that KIn1-yGaySe2 passivates the surface of CuIn1-yGaySe2, while the bulk x ~ 
0.07 Cu1-xKxIn1-yGaySe2 absorbers improve performance by some other mechanism. 
 
5. Conclusions 
 Increasing substrate temperature was previously found to increase KInSe2 phase 
fraction during Cu-K-In-Se growth [51]. In this study, increased temperature improved 
PV performance of KInSe2 surface absorbers, but not bulk x ~ 0.07 absorbers—further 
evidence that K can improve performance by different mechanisms at the surface and in 
the bulk absorber [52]. Both mechanisms also benefitted efficiency, VOC, and FF in Cu1-
xKxIn1-yGaySe2 films with Ga/(Ga+In), or y of 0.3 and 0.5, but not for y of 1. Similar to 
the Cu1-xKxInSe2 system [33, 49, 51], the formation of Cu1-xKxGaSe2 alloys was favored 
at low temperatures and high substrate Na content, relative to the formation of mixed-
phase CuGaSe2 + KGaSe2. KIn1-yGaySe2 alloys were grown for the first time, as 
evidenced by XRD and UV/visible spectroscopy. Surface KIn1-yGaySe2 absorbers had 
superior PV performance in buffered and buffer-free devices, while bulk x ~ 0.07 
absorbers only outperformed the baselines in buffered devices. The study has shown that 
KIn1-yGaySe2 passivates the surface of CuIn1-yGaySe2 to increase efficiency, VOC, and FF, 
while bulk Cu1-xKxIn1-yGaySe2 absorbers with x ~ 0.07 enhance efficiency, VOC, and FF 
by some other mechanism. 
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